The historical course of evolutionary diversification shapes the current distribution of biodiversity, but the main forces constraining diversification are unclear. We unveil the evolutionary structure of tree species diversity across the Americas to assess whether an inability to move (dispersal limitation) or to evolve (niche conservatism) is the predominant constraint in plant diversification and biogeography. We find a fundamental divide in tree lineage composition between tropical and extratropical environments, defined by the absence versus presence of freezing temperatures. Within the Neotropics, we uncover a further evolutionary split between moist and dry forests. Our results demonstrate that American tree lineages, though broadly distributed geographically, tend to retain their ancestral environmental relationships and that phylogenetic niche conservatism is the primary force structuring the distribution of tree biodiversity.
versus shared evolutionary diversity (i.e. sum of shared phylogenetic branches) 48 across evolutionary groups (for details see SM). 49 We show that the evolutionary lineage composition of American tree 50 assemblages is structured primarily by phylogenetic niche conservatism. The two 51 principal groups have a tropics-extratropics structure (Fig. 1 ). The 52 extratropical group is not geographically segregated, but includes temperate tree 53 assemblages from North America and southern South America, connected by a 54 Figure 1 The geographic, evolutionary and environmental relationships of the two principal 56 evolutionary groups (from K=2 clustering analysis). A) Geographic distribution of angiosperm tree 57 assemblages and their affiliation with either the tropical (n = 7145) or extratropical (n = 2792) evolutionary 58 group; B) Distribution of assemblages over elevation and latitude showing that the extratropical group is 59 largely restricted to high elevations at low latitudes; C & D) Distribution of assemblages over the first two 60 axes of an ordination based on evolutionary composition with assemblages in C colored according to group 61 affiliation and in D as to whether or not they experience freezing temperatures in a regular year (from (31 ) ). 62 3/17 high-elevation corridor in low latitudes ( Fig. 1 a,b) . The tropics-extratropics 63 structure of tree evolutionary diversity shows a strong correspondence (97% 64 match, Fig. S1 ) with the absence vs. occurrence of freezing temperatures within 65 a typical year (see Fig. 1 c,d ). We observe that most evolutionary diversity, 66 measured as summed phylogenetic branch length, occurs within the tropics, but 67 that there is unique evolutionary diversity restricted to the extratropics (∼ 10% 68 of the total, Fig. 2b, S3a ). Ordination and indicator clade analyses revealed 69 that the tropics-extratropics segregation is associated with the distribution of 70 specific clades, such as the Fagales, which includes the oaks (Quercus), beeches 71 (Fagus), coihues (Nothofagus) and their relatives ( Fig. 3 , Table S1 , S2). 72 Cluster analyses of K=3 and K=4 groups are also supported as additional 73 informative splits (Fig. S2) , and each of their major groups capture substantial 74 unique evolutionary diversity ( Fig. 2 b, Fig. S3 , Table S2 ). In K=3, the main 75 extratropical cluster grouped assemblages from North America and extreme 76 southern South America, while the remaining assemblages from temperate (Fabaceae) (19) , Adoxaceae/Valerianceae (20, 21) and Gunnera (Gunneraceae) 126 (22) . Our results also point to a moist versus dry evolutionary divide within the 133 Neotropics. The Tropical Moist Group holds the greatest amount of 134 evolutionary diversity, both overall and unique to it, despite occupying the most 135 restricted extent of climatic space of any of the K=4 groups (Fig. 2 b,c) . The 136 Tropical Dry Group, in contrast, extends across a broader climatic space, but 137 holds less evolutionary diversity (Fig. 2 b,c) . This asymmetry in the 138 accumulation of diversity may reflect phylogenetic conservatism for a putatively 139 moist and hot ancestral angiosperm niche (23), or could result from a favorable 140 environment that can be occupied by any angiosperm lineage, even those that 141 also occur in cooler or drier conditions (24, 25) . Regardless, the similarity in the 142 lineage composition of the extensive but discontinuously distributed tropical dry 143 forests (11) indicates their separate evolutionary history. Although tropical dry 144 forest inhabiting taxa have often been described as more dispersal-limited than 145 those from rain forests (e.g., 11 ), dispersal over evolutionary time-scales seems 146 to have been sufficient to maintain this floristic cohesion. Such evolutionary 147 isolation of the dry forest flora has previously been suggested by studies in 148 6/17
Fabaceae (11, 26) , and is shown here to be evident at the evolutionary scale of 149 all angiosperm tree species.
150
Our results also help to clarify the contentious evolutionary status of 151 savanna and Chaco regions in the Neotropics. We find that the southern 152 savannas (the Cerrado region of Brazil) are more evolutionary related to tropical 153 moist forests than dry forests (Fig. 2 a, Fig. S4 ), as previously suggested 154 (26, 27) . However, northern tropical savannas (i.e., Llanos of Venezuela and 155 Colombia and those in Central America) are split in their evolutionary linkages 156 between the Tropical Moist and Tropical Dry groups (Fig. 3 , Table S1 ). This 157 may reflect the distinct ecology of many northern savannas (e.g., the Llanos are 158 hydrological savannas; 28 ) and suggest a divergent evolutionary history for 159 northern and southern savannas. Our results may also help to resolve the 160 debates around the evolutionary affinities of the Chaco (e.g., 29,30 ), by showing 161 that this geographically defined region houses a mix of extratropical and 162 tropical lineages (Fig. 2 ). Furthermore, our analyses consistently point to 163 evolutionary links between assemblages in seasonally dry and seasonally cold 164 areas (Fig. 2, S4 ). For example, when we consider K=3 evolutionary groups, a 165 single 'dry and cool' group coalesces, with the other two groups being the 166 tropical moist forest group and a largely northern, extratropical group (Fig. S4) . 167 We show that the evolutionary structure of tree diversity in the Americas 168 is determined primarily by the presence versus absence of freezing temperatures, 169 dividing tropical from extratropical regions. Within the tropics we find further 170 subdivision among lineages experiencing moist versus seasonally-dry conditions. 171 These findings clearly demonstrate that phylogenetic niche conservatism is the 172 primary force organizing the diversification and, therefore, the biogeography of 173 angiosperm trees. Tree species that can inhabit areas experiencing freezing 174 temperatures and/or environments subjected to seasonal water stress belong to 175 a restricted set of phylogenetic lineages, which gives a unique evolutionary 176 identity to extratropical forests and tropical dry forests in the Americas. While 177 our study is restricted to New World trees, we suggest that plant biodiversity 178 globally may be evolutionarily structured following a tropics-extratropics 179 pattern, while diversity within the tropics may be structured primarily around a 180 moist-dry pattern. These findings advocate strongly for integrating the concept 181 of extratropical conservatism and tropical-dry conservatism into our Genera phylogenetic tree 200 We obtained sequences of the rbcL and matK plastid gene for 1,358 angiosperm 201 tree genera, from Genbank (www.ncbi.nlm.nih.gov/genbank/), building on 202 previous large-scale phylogenetic efforts for angiosperm trees in the Neotropics 203 (36, 37) . Sequences were aligned using the MAFFT software (38) . 'Ragged ends' 204 of sequences that were missing data for most genera were manually deleted from 205 the alignment. 206 We estimated a maximum likelihood phylogeny for the genera in the 207 RAxML v8.0.0 software (39), on the CIPRES web server (www.phylo.org). We 208 constrained the tree to follow the order-level phylogeny in Gastauer et al. We temporally calibrated the maximum likelihood phylogeny using the 214 software treePL (41) . We implemented age constraints for 320 internal nodes 215 (family-level or higher, from (42)) and for 123 genera stem nodes (based on ages 216 from a literature survey, Table S4 ). The rate smoothing parameter (lambda) 217 was set to 10 based on a cross-validation procedure. The final dated tree can be 218 8/17 found in Supplementary Information.
219
Phylogenetic distance analysis and clustering 220 We used the one complement of the Phylo-Sorensen Index (i.e., 1 - where BLij is the sum of branch lengths shared between plots i and j, and BLi 227 and BLj are the sum of branch length of tips within plots i and j, respectively. 228 Thus, if all branches are shared between two plots, the dissimilarity measure 229 takes on a value of 0. If no branches are shared between plots (i.e. the plots 230 comprise two reciprocally monophyletic clades), the dissimilarity measure will 231 take on a value of 1. This metric was estimated using the phylosor.query() 232 function in the PhyloMeasures (44) package for R. 233 We used K-means clustering to explore the main groups, in terms of 234 (dis)similarity in the tree assemblage dataset, according to the Phylo-Sorensen 235 dissimilarity measures. The K-means clustering algorithm requires the number 236 of clusters (K ) to be specified in advance. In order to estimate the best value for 237 K, the optimal number of clusters to parsimoniously explain the variance in the 238 dataset, we used the Elbow Method and an approach based on the average 239 Silhouette width (Fig. S2 ). Based on these results, we selected K=2 (Fig. 1) , 240 K=3 ( Fig. S5 ) and K=4 (Fig. 2) for further analysis and interpretation. No 241 geographic or environmental data were used to inform the clustering analyses. 242 The K-means clustering was carried out with the kmeans() function in base R 243 (R Core Development Team, 2016). We assessed the robustness of the K-means 244 clustering results using a silhouette analysis with functions in the "cluster" 245 package (45) . In order to assess variation in group fidelity, we classified 246 individual sites as to whether the silhouette widths were larger or smaller than 247 0.2. In this way, we could detect areas of geographic, environmental and 248 compositional space where clustering results were strongly or weakly supported. 249
In addition, we performed an evolutionary ordination of tree assemblages 250 based on their phylogenetic lineage composition, following protocols developed 251 by Pavoine (2016) (46) . We specifically used an evolutionary PCA, implemented 252 with the evopca() function in the "adiv" package (47) , with a Hellinger 253 9/17 transformation of the genus by site matrix, as this is a powerful approach to 254 detect phylogenetic patterns along gradients, while also allowing positioning of 255 sites and clades in an ordination space (46) . The first two axes explained 9.6% 256 and 6.7% of the variation in the data, with subsequent axes each explaining 257 <5.5%. (49) . We estimated the density of the distribution of 277 sites in the environmental space using ellipses containing 95% of the sites with 278 the kde() function from "ks" package (50). (51) . Specifically, we used the multipatt() function in 287 the R Packages indicspecies (52) to allow genera to be associated with more 288 10/17 than one group (when K > 2). The output of the multipatt () function includes 289 the stat index, which is a function of the specificity (the probability that a 290 surveyed site belongs to the target site group given the fact that the genus has 291 been found) and fidelity (the probability of finding the genus in sites belonging 292 to the given site group). We constructed pruned phylogenies including those 293 genera with specificity greater than 0.6 to a group, or combination of groups, to 294 estimate the total PD found in each group or combination of groups. Then, we 295 subtracted these totals from the total for the complete, unpruned phylogeny to 296 determine the amount of phylogenetic diversity restricted to each group, or 297 combination of groups. Finally, we estimated the PD shared across all groups as 298 that which was not restricted to any particular group or any combination of 299 groups. We fit these different PD totals as areas in a Euler diagram with the 300 euler() function in the "eulerr" package (53) for the K=2 and K=3 clustering, 301 and with the Venn() fuction in the "venn" package (54) for the K=4 clustering. 302
Indicator lineages for clusters 303 In order to further characterise the composition of the evolutionary groups, we 304 conducted an indicator analysis to determine the clades most strongly associated 305 with each group. We created a site x node matrix (see function used in 306 Appendix 1), which consists of a presence/absence matrix for each internal node 307 in the phylogeny and ran an indicator analysis for the nodes. We selected the 308 highest-level, independent (i.e. non-nested) nodes with the highest stat values to 309 present in Tables S1 and S2. The indicator node analysis was carried out with 310 function multipatt() in the R Package indicspecies (52) .
Supplementary Materials
Freezing and water availability structure the evolutionary diversity of trees across the Americas Table S3 . Affiliation of principal vegetation formations in the tropics with the two main tropical groups from the K=4 clustering analysis. Vegetation formations were taken from the NeoTropTree dataset, which categorises formations first based on physiognomy (savanna vs. forest) and then segregates the forests based on phenology. Following (35) and (54), we consider deciduous tropical forests to represent the tropical dry forest biome, while semideciduous forests are more related floristically to the tropical moist forest biome. Semideciduous forests share many tree species with evergreen forests and relatively few with more fully deciduous forests (35, 54) . We further divided the savannas based on geography, as our analyses showed evident differences in group affiliation between savannas in the Cerrado Domain of Brazil versus those further north (i.e. Llanos of Venezuela and Colombia and those in Central America).
Fig. S1. Match between tropics vs. extratropics groups from K=2 clustering and eight delimitations of the tropics following Feeley & Stroud [2018] (31)
: C1) all areas that occur between 23.4°S and 23.4°N; C2) all areas with a net positive energy balance; C3) all areas where mean annual temperature does not vary with latitude; C4) all areas where temperatures do not go below freezing in a typical year; C5) all areas where the mean monthly temperature is never less than 18°C; C6) all areas where the mean annual "biotemperature" ≥ 24°C; C7) all areas where the annual range of temperature is less than the average daily temperature range; C8) all areas where precipitation seasonality exceeds temperature seasonality. The colors represent the clusters and the red dashed line the average silhouette width. B) shows the distribution of sites with silhouette width bigger than 0.2, which indicates that they are strongly associated with their given cluster. C) shows the geographic distribution of sites with silhouette width < 0.2. D) shows sites with silhouette width > 0.2 in a latitude-elevation plot and E) shows sites with silhouette width < 0.2 in a latitude-elevation plot.
Fig. S7. Clustering validation K= 4. A)
Silhouette width for each assemblage in our dataset. The colors represent the clusters and the red dashed line the average silhouette width. B) shows the distribution of sites with silhouette width bigger than 0.2, which indicates that they are strongly associated with their givencluster. C) shows the geographic distribution of sites with silhouette width < 0.2. D) shows sites with silhouette width > 0.2 in a latitude-elevation plot and E) shows sites with silhouette width < 0.2 in a latitude-elevation plot.
